This study examines the surface modification of 5083 Al alloy by electrical discharge alloying (EDA) process, using pure Si as an electrode. Al alloy surface was modified by the EDA process to explore the effect of machining parameters (discharge current, pulse duration and duty factor) on the thickness, hardness and roughness of the alloyed layer. Samples were analyzed by scanning electron microscopy (SEM), electron probe analysis (EPMA) and X-ray diffraction. Since pure Si was used as an electrode, the alloyed layer had high concentration of Si from 2 mass% (the position in the layer at substrate side) to 12 mass% (the position in the layer close to surface side). Experimental results reveal that the thickness of the alloyed layer had a concave downward relationship with the discharge current and pulse duration. High hardness (³ Hv 250) of the alloyed layer was obtained. The results of X-ray diffraction indicate that the primary phase in the substrate was ¡-Al, while there were composite phases containing ¡-Al and Si particles in the alloyed layer. Additionally, the alloyed layer exhibited as good corrosion resistance as 5083 Al alloy in aqueous NaCl.
Introduction
Aluminum alloy 5083 has been extensively utilized in the aerospace, automotive, ship building and construction industries. The alloy is weldable by conventional schemes, having good corrosion resistance.
1) It can be hardened by only cold working. 1) Although the aluminum alloy has many favorable properties, its weak surface cannot resist wear under high load. Such wear may therefore cause serious damage, especially of sliding components that are in direct contact with each other. Accordingly, the development of a simple technique improving the hardness of the surface of the aluminum alloy at low cost is becoming increasingly important.
Many researchers have studied the modification of surfaces by electrical discharge machining (EDM).
212) Electrical discharge alloying (EDA) is a surface modification scheme that is performed using a conventional EDM machine. The electrode and bulk substrate, both immersing in a dielectric fluid, melt when an electric arc is generated between the electrode and the bulk substrate. 8, 9) Therefore, the substrate surface is alloyed by the electrode. The EDAed layer, which is formed relatively rapidly, is sufficiently thick and hard for engineering purposes. Its thickness and hardness can possibly be controlled by varying the EDA parameters, which are discharge current, pulse duration and duty factor. The composition of the alloyed layer can be controlled by appropriately selecting the electrode material. The EDA process has been recently used as a novel surface alloying approach for improving the surface chemical characteristics and mechanical properties of the structural materials. 8, 13, 14) Many researchers 1517) utilized powder metallurgy methods to fabricate electrodes for use in an EDM surface modification process, and found that the electrode elements dissolved into the machined surface to form a recast layer that effectively increases the wear resistance of the machined surface. Simao et al. 18) and Ming et al. 19) examined the effects of adding various powders, including silicon, nickel and chromium into dielectric fluid to modify the carbon steels surface by the EDM method. They found that the EDM process with these powders in dielectric fluid greatly improved the corrosion resistance, wear resistance and hardness of the carbon steel.
It is well known that the EDA process can modify the surface of several metal alloys. However, studies concerning aluminum surface modification by EDA process are not much. 2, 8, 16, 20) Tsunekawa et al. 8) investigated formation of TiC/TiAl in situ composite layer on die cast Al alloy by EDA process. An electrode of Ti36 mass%Al premixed green compact was employed. 8) Large volume fraction of TiC/TiAl in the modified layer was found leading to high surface hardness (HV 4501200). 8) Corrosion performance of the modified layer was not studied. Mohri et al. investigated the wear resistance of the modified surface on Al alloy and steel by EDA with green compact electrodes. 16) Copper, aluminum, tungsten carbide and titanium powders green compact were used as the materials of the electrode. Moreover, Mohri et al. 16) confirmed the improvement of corrosion resistance for the carbon steel where its surface was EDAed by Al, whereas no corrosion data of the EDAed Al alloy was reported. Lin and Yen 2, 20) explored a combined process of EDM with ultrasonic machining (USM) to modify Al alloys surface. Electrode and Al alloys sample were both immersed in the dielectric fluid with SiC particles. 2, 20) The combined process can successfully develop a modified layer SiC particles within the machined zone. The above AlNi, 2123) AlSi, 2427) AlTi 2832) and others are wellknown in situ composite Al alloy system. Alloying element Ni or Si in molten Al will became Al 3 Ni or Si particles during solidification of the molten metal. Finally, in situ composite alloys AlAl 3 Ni and AlSi particles are thus obtained. This study used pure silicon as an electrode to modify 5083 AlMgMn alloy. Owing to the dissolution of Si in the EDA surface layer, a AlSi particle in situ composite. The morphology and elemental distribution of the cross-sectional region was analyzed and determined by scanning electron microscopy (SEM) and EPMA mapping. Corrosion characteristics were examined to evaluate the effect of machining parameters on the layer that was alloyed by silicon electrode during EDA. The effects of the machining parameters on the thickness, hardness and roughness of alloyed layer were determined. Table 1 presents the composition of the 5083 Al alloy that is utilized in this study. Figure 1 shows the dimensions of the alloyed specimen. The EDA area on the sample is 50 © 30 mm 2 . Figure 2 schematically depicts the EDA process. Table 2 presents the electrical discharge conditions. As shown in the schematic of the electrical discharge alloying process (Fig. 2) , there is a gap between negative electrode (electrode Si) and positive electrode (work piece). The servo system allows the gap width to be decreased until the occurrence of electric arc sparking. No mechanical impact between the electrodes was carried out. Like arc melting and arc welding processes, the electric arc produce high temperature which is high enough to melt the surfaces of working electrode (5083 Al) and Si electrode.
Experimental Procedure

EDA process
Microstructural observations and compositional
analysis The specimens that had undergone EDA were prepared for metallographic examination by grinding and polishing to determine the alloyed layer. The surface morphologies and cross-sectional microstructure were analyzed by SEM and electron probe microanalysis (EPMA mapping). XRD analysis was also performed to identify the phase structure of the alloyed layer.
Testing hardness and measuring thickness of the silicon alloying layers
To determine the effects of the machining parameters in the EDA process on the hardness and thickness of the alloyed layers, a Vickers micro-hardness tester was utilized to determine the hardness of the cross-sections of the alloyed specimens. The thickness values of the alloying layers were measured using SEM with a fixed magnification of 1000©.
Corrosion testing
Electrochemical polarization tests were performed at a scan rate of 0.5 mV·s ¹1 in a corrosion cell that contained 300 ml 3.5 mass% aqueous NaCl at room temperature. All electrochemical measurements were made using a Princeton Applied Research model 263 A potentiostat/galvanostat with M352 software. The reference electrode was a silver/silver chloride (Ag/AgCl) electrode and the counter electrode was a platinum flake. The surface area of the sample that was exposed to the aqueous NaCl was 1 cm 2 . Anodic and cathodic polarization curves were plotted for each specimen. The corrosion current densities (I corr ) and corrosion potentials (E corr ) of the specimens were determined from the polarization curves by Tafel extrapolation and linear polarization. 33, 34) 3. Results and Discussion Figure 3 presents SEM topographical images of surface and the SEM image of cross-section of the alloyed layer. The figure reveals that the defects on the surface of the alloying layer include remelting solidification structures, pores, craters and cracks, among others. The melted material was splashed away by discharging arc and solidified around the crater to form a ridge ( Fig. 3(b) ). The alloyed layer, which comprises mostly tiny and bonded pieces, has a thickness of ³72 µm and an almost uniform distribution of silicon particles ( Fig. 3(c) ). The silicon particles were well dispersed in the alloyed layer. Moreover, in the alloyed layer Si particle were very tiny. It could be due to rapid solidification inherent to the EDA process. Observation reveals defects in the alloyed layer, possibly formed by the thermal stress in the alloyed layer that was itself caused by very rapid heating/cooling within. Figure 4 presents the EPMA mapping analysis of the alloyed layer with an Si electrode and the corresponding mapping of Al, Si and Mg. The EPMA map reveals that the alloyed layer still contained a large amount of Al. The signals of Si element distributed uniformly in the alloyed layer. The Si element in the alloying layers demonstratively increased their hardness. Mg was successfully alloyed into the EDM layer. Therefore, the compositional gradient of each element was associated with strong bonding between the alloyed layer and the substrate of the specimen. Figure 5 presents the EPMA/line scanning profile of the silicon concentration of the electrical discharge alloying specimen as a function of discharge current. The silicon content reached a peak value of 8 mass% at a current of 10 A, and the surface was modified to a thickness of ³30 µm. At a current of 50 A (a thickness of around 65 µm), the silicon content approached the value of 12 mass%. According to this results the alloyed layer with silicon content produced with discharge current of 50 A is thicker than produced with discharge current of 10 A. From Fig. 5 , it is found that the silicon content was increased in the alloyed layer with discharge current. Figure 6 presents the X-ray diffraction results for the substrate and alloyed layer. X-ray diffraction reveals that the primary phase of the substrate (5083 Al) was ¡-Al, whereas the ¡-Al and Si phases were the primary compositional phases of the alloying layers.
Observation and analysis of microstructure of EDAed layers
EPMA mapping and X-ray diffraction analysis
3.3 Effects of discharge current, pulse duration and duty factor on thickness and hardness of alloying layers Figure 7 presents the dependence of the thickness of the alloyed layer on the discharge current ( Fig. 7(a) ), pulse duration ( Fig. 7(b) ) and duty factor (Fig. 7(c) ). The thickness of the alloyed layer ( Fig. 7(a) ) increased with the discharge current from 10 to 30 A. The thinnest layer was obtained using a current of 10 A (Fig. 7(a) ). The thickest alloyed layer was obtained at a discharge current of 30 A. It might be because increasing the discharge current deepened the molten zone. Thus, the thickness of the alloyed layer on the surface was increased. When the current exceeded 30 A, the thickness of the layer was slightly reduced, comparing with the maximum thickness at 30 A. From Fig. 7(b) , the thickness of the alloyed layer increased with the pulse duration, reaching a peak at the pulse duration of approximately 500 µs. The pulse duration had the same effect on the thickness of the alloyed layer as did the discharge current. Additionally, as shown in Fig. 7(c) , the duty factor also influenced the thickness of the alloyed layer. The optimal thickness of the alloyed layer was obtained at a duty factor of 40%.
Comparisons of silicon concentrations and the hardness of the alloying layer ( Fig. 8(a) ) indicate that the hardness increased with discharge current. Increasing the discharge current during the EDA process layer would increase the silicon concentration of alloyed layered, improving the hardness of the alloying layer. Figure 8 shows the effect of discharge current, pulse duration and duty factor on the hardness of the alloyed layers. According to this figure, all of the hardness of the alloyed layers with different machined parameters (discharge current, pulse duration and duty factor) gradually rose higher than that of the base metal. The tiny silicon particle dissolves from alloyed layer to substrate and well dispersed into the melted zone during solidification. The hardness of these alloyed layers was promoted by EDA increasing the surface hardness of 5083 aluminum alloy by using the EDA process with a pure silicon electrode is feasible.
3.4 Effects of discharge current, pulse duration and duty factor on the roughness of alloying layers Figure 9 reveals the surface roughness of the alloyed layers versus discharge current, pulse duration and duty factor. The surface roughness tends to increase with the discharge current and pulse duration, as shown in Figs. 9(a) and 9(b). An investigation of the effect of the duty factor on the surface roughness of the alloyed layer was conducted. It reveals that the minimum roughness was 3.3 µm when the duty factor, discharge current, and pulse duration were set at 60%, 30 A, and 500 µs. A low discharge current, a short pulse duration, and a high duty factor yielded better surface roughness. Figure 10 illustrates the potential dynamic polarization curves of the alloyed layer by various machining parameters. Table 3 shows the corrosion current density and corrosion potentials of the alloyed layer by EDA process using a 3.5 mass% NaCl aqueous solution. The E corr was ¹1.059 V and I corr was 33 © 10 ¹6 A·cm ¹2 for the substrate 5083 Al alloy. The 5083 Al alloy specimens that had undergone EDA surface modification had corrosion potentials in the range of ¹1.088 to ¹1.025 V, and corrosion current densities in the range of 33 © 10 ¹6 to 56 © 10 ¹8 A·cm ¹2 . Figure 10 (a) reveals that the corrosion potentials of the alloyed layers tend to slightly decrease as the discharge currents increase. The corrosion potential and current density of the alloyed layer, when the discharge current was at 50 A, were ¹1.029 V and 35 © 10 ¹6 A·cm
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, which show no significant difference from the corrosion characteristics of the base metal. The corrosion potentials and current densities of the alloyed layers also increase as the pulse durations increase and the duty factors decrease, as depicted in Figs. 10(b) and 10(c) . By summarizing the aforementioned findings, we have learnt that modifying the surface of the 5083 aluminum alloy using a pure silicon electrode in the EDA process that has processing parameters (such as discharge currents, pulse durations and duty factors) used in the present work can yield alloyed layers that have a favorable corrosion resistance similar to that of 5083 base alloy.
Conclusions
The experimental results are summarized as follows: (1) Silicon effectively dissolved in the surface of the 5083 aluminum alloy in the EDA process to form an alloyed layer and the silicon content in the surface increased with the discharge current. (2) The thickness of the layer increases as the discharge current and pulse duration increase, but an increase in the duty factor caused the thickness to decline. (3) Alloyed layers that were formed under various machining parameters had hardness that was significantly higher than that of the base metal, 5083 aluminum alloy. This result may be related to the fact that silicon dissolved in the surface of the 5083 aluminum alloy to form a silicon-alloyed layer. 
